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WUDSSHGZDWHUWKXVLQFUHDVHVWKHJDVUHODWLYHSHUPHDELOLW\,QWHUPVRILUUHGXFLEOHZDWHUVDWXUDWLRQWKHFRQYHQWLRQDO
PHWKRGLVWRXVHFHQWULIXJDOH[SHULPHQWZKLFKLQYROYHVSURGXFLQJIUHHZDWHUE\WKHKLJKVSHHGFHQWULIXJHUXQQLQJ
ORQJH[SHULPHQWDOWLPH6LPLODUO\WKHHYDSRUDWLRQPHWKRGZDVXVHIXOLQREWDLQLQJLUUHGXFLEOHZDWHUVDWXUDWLRQ%\
UHFRUGLQJWKHZDWHUZHLJKWUHWDLQLQJLQVDQGVWRQHDQGWLPHDWDFHUWDLQWHPSHUDWXUH WKHILUVWFRQVWDQWHYDSRUDWLRQ
UDWHZDV VSRWWHG DQG WKH DFFRUGLQJZDWHU DPRXQWZDV WKH LUUHGXFLEOHZDWHU VDWXUDWLRQ  7KLV WHFKQLTXH WR VRPH
H[WHQWZDVOHVVVWXGLHGEXWLWVDFFXUDF\LVDVJRRGDVSRURXVPHGLDSODWHDQGLWVUHSURGXFLELOLW\LVVDWLVI\LQJ'RGG
 1XFOHDU 0DJQHWLF 5HVRQDQFH 105 KDV EHHQ ZLGHO\ XVHG LQ SHWURSK\VLFV 7KH PDJQHWLF LQWHUDFWLRQV
EHWZHHQSURWRQVUHVXOWLQORQJLWXGLQDOUHOD[DWLRQ7DQGWUDQVYHUVHUHOD[DWLRQ7%RWK7DQG7FDQEHXVHGWR
HVWLPDWH LUUHGXFLEOHZDWHU VDWXUDWLRQ IRU VDQGVWRQH RU FDUERQDWH URFN 7KH VWXG\ RQ WKH EHKDYLRU RIZDWHU LQ WKH
VDQGVWRQHGXULQJHYDSRUDWLRQLVEDVHGRQWKHVHVWXGLHV
,QWKHIXOO\VDWXUDWHGVDQGVWRQHVDPSOHWKHUHLVUHODWLRQVKLSDVEHORZĭ %9,)),
ZKHUHĭLVWKHWRWDOSRURVLW\%9,LVWKH%RXQG9ROXPH,UUHGXFLEOHDQG)),LVWKH)UHH)OXLG,QGH[
(YDSRUDWLRQLQ3RURXVPHGLD
7KH SUHYLRXV VWXGLHV RQ GU\LQJ SURFHVV KDYH UHYHDOHG VRPH SURFHVVHV LQ HYDSRUDWLRQ %\ VRPH UHVHDUFKHUV WZR
VWDJHVZHUHGLYLGHGDVDUHVXOWRIHYDSRUDWLRQUDWHWKHILUVWVWDJHLVDFRQVWDQWUDWHVWDJHZKLFKLVQDPHG³VXUIDFH
HYDSRUDWLRQ´DQGWKHVHFRQGRQHLVWKHIDOOLQJUDWHSHULRGZKLFKLVQDPHG³LQWHUQDOOLTXLGGLIIXVLRQ´WKHERXQGDU\
EHWZHHQ WKHP LV QDPHG ³FULWLFDO SRLQW´ 'RGG  6KHUZRRG DQG &RPLQJV 7KH VHFRQG VWDJH FDQ EH
GLYLGHGLQWRDQRWKHUWZRVWDJHV6KRNULHWDO)LJXUH6WDJH,,DLVWKHSURILOHFRQWUROOHGVWDJH6WDJH,,ELV
WKHVORZUDWHSHULRGRUYDSRXUGLIIXVLRQVWDJH

)LJXUH7KUHHVWDJHVRIHYDSRUDWLRQ6KRNULHWDO
'XULQJ6WDJH,SHULRGWKHILQHSRUHVDUHK\GUDXOLFDOO\FRQQHFWHGDQGVXSSO\HYDSRUDWLYHGHPDQGDWWKHVXUIDFHE\
GUDZLQJ ZDWHU IURP WKH LQVLGH E\ PHDQV RI PLJUDWLRQ LQ WKH PXOWLOD\HUV OLQLQJ SRUHV RI WKH URFN 6KRNUL DQG
2U 7KH HQG RI VWDJH , LV LQGLFDWHG E\ WKH GLVUXSWLRQ RI K\GUDXOLF FRQWLQXLW\ LQZKLFK FDVH WKH GRZQZDUG
JUDYLW\DQGYLVFRXVIRUFHVDUHODUJHUWKDQWKHXSZDUGFDSLOODU\GULYLQJIRUFH/HKPDQQ6KRNULHWDO
7KHQWKHHYDSRUDWLRQUDWHZLOOEHFRPHFRQVWDQWEHFDXVHWKHGLIIXVLRQRIYDSRXU LQ WKHSRURXVPHGLDEHFRPHVWKH
GRPLQDQWPHFKDQLVPDIWHUWKHHYDSRUDWLQJPHQLVFLUHWUHDWHGGHHSLQWKHURFN'RGG
0HVVHUFRQGXFWHGWKHHYDSRUDWLRQH[SHULPHQWVZLWKGLIIHUHQWVDWXUDQWVZDWHUWROXHQHDQGWHWUDFKORUHWKDQH
7KHFKDUDFWHULVWLFFXUYHRIWKHVROLGOLTXLGV\VWHPZDVVKRZQDV)LJXUH7KHLUUHGXFLEOHYROXPHZDVGHWHUPLQHG
E\XVLQJWKHSRLQWRIUHODWLYHO\FRQVWDQWGHVDWXUDWLRQUDWH
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
)LJXUH3RUH)OXLG5HWHQWLRQ0HVVHU
7KH/DERUDWRU\0HDVXUHPHQWV
3.1 Experiments Preparation and Setup 

7KH HTXLSPHQW XVHG WR REWDLQ WKH 7 UHOD[DWLRQ LV D 0DJULWHN 0+] 105 5RFN &RUH $QDO\]HU SURYLGHG E\
'HSDUWPHQW RI 3HWUROHXP(QJLQHHULQJ LQ&XUWLQ8QLYHUVLW\  7KH UXQQLQJ WHPSHUDWXUH RI105ZDV DW &7KH
FHQWULIXJHXVHGLQWKLVVWXG\ZDVD9,1&,UHIULJHUDWHGFHQWULIXJH7KHWLJKWVDQGVWRQHSOXJKDVEHHQVDWXUDWHGZLWK
SSPEULQHLQDVDWXUDWRUSUHVVXUL]HGWRSVLIRUKRXUV7KHSURSHUWLHVDUHOLVWHGLQ7DEOH
7DEOH'LPHQVLRQDQG3HWURSK\VLFDO3URSHUWLHVRI7LJKW6DQGVWRQH6DPSOHV
No. Bulk
Volume(cm3)
Pore
Volume(cm3)
Porosity(%) Permeability(mD) Weight
Dry(g)
Weight
Saturated(g)
WR09 73.101 5.843 7.993 0.366 178.6169 185.2243
WR11 56.064 5.444 9.711 0.223 135.3380 142.027
WR12 55.552 1.855 3.34 0.109 141.500 143.598
3.2 Experimental Procedures 
7KHIXOO\VDWXUDWHGVDPSOHZDVWDNHQRXWIURPWKHMDUDQGZHLJKWHGEHIRUHFRQGXFWLQJWKH105PHDVXUHPHQWV7KH
105URFNDQDO\VHUZDVVHWDV 7DEOH

 7DEOH1055RFN$QDO\VHU¶V3DUDPHWHUV
3DUDPHWHU ,QWHUH[SHULPHQW
'HOD\PV
'XPP\
VFDQV
1XPEHU RI
(FKRHV
7DX
XV
3RLQWV
SHUHFKR
(FKR
6KLIW
XV
'ZHOO
7LPH
XV
0LQLPXP
615
9DOXH        

$IWHUWKHILUVW105PHDVXUHPHQWVDPSOHZDVSXWLQWRDODERYHQZKLFKZDVSUHKHDWHGWR&,QWKHILUVWVWHS
IRUHYHU\PLQXWHVVDPSOHZDVWDNHQRXWWRZHLJKVDPSOHPDVVDQGFRQGXFW105WHVWDQGZHLJKDJDLQDQGWKHQ
VDPSOHZDVSXWEDFNWRWKHODERYHQIRUGU\LQJ7KLVZDVUHSHDWHGIRUPLQXWHV,QWKHVHFRQGVWHSWKHSURFHGXUHV
DERYHPHQWLRQHGZHUHUHSHDWHGHYHU\PLQXWHV7KLVVWDJHODVWIRUPLQXWHV7KHWKLUGVWHSUHSHDWHGWKHVDPH
SURFHGXUHVIRUHYHU\PLQXWHVDQGODVWIRUPLQXWHV
([SHULPHQW5HVXOWVDQG$QDO\VLV
4.1 Evaporation curve 
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7KHHYDSRUDWLRQFXUYHVIRU:5:5DQG:5)LJXUHZHUHSORWWHG LQRUGHU WRFDOFXODWHDQGVKRZWKH
FKDQJHRIHYDSRUDWLRQUDWHDQGZDWHUFRQWHQWLQWKHVDPSOH7KHZDWHUFRQWHQWLQWKHVDPSOHLVJJDQG
JIRU:5:5DQG:5UHVSHFWLYHO\%DVHGRQWKHVHFXUYHVWKHLUUHGXFLEOHZDWHUVDWXUDWLRQFDQEH
GHWHUPLQHG DV   DQG  IRU:5:5 DQG:5 UHVSHFWLYHO\ XVLQJ0HVVHU¶V0HWKRG
0HVVHU

)LJXUH(YDSRUDWLRQ&XUYHV
4.2 NMR T2 Relaxation during Evaporation 
'XULQJ WKH HYDSRUDWLRQ H[SHULPHQWV WKH105 WHFKQLTXHZDV HPSOR\HG WR GHWHUPLQH WKHZDWHU VDWXUDWLRQ LQ WKH
VDPSOHV$VWKHHYDSRUDWLRQSURFHHGHGWKHZDWHULQVRPHSRUHVRUSRUHWKURDWVPLJUDWHGLQVLGHRURXWVLGHWKHSRUHV
%\SODQQLQJVXLWDEOH105WHVWVGXULQJHYDSRUDWLRQWKHEHKDYLRXUVRIZDWHUPLJUDWLRQDUHSRVVLEOHWREHREWDLQHG
7KHPHDVXUHPHQWVVKRZHGWKHGHWDLOVRIZDWHUGLVWULEXWLRQGXULQJHYDSRUDWLRQ7KUHHVWDJHVFDQEHGLYLGHGE\XVLQJ
ERWKWKHHYDSRUDWLRQFXUYHDQG105GDWD7KHILUVWVWDJHLVWKHHYDSRUDWLRQRIZDWHULQWKHODUJHDQGPHGLXPVL]HG
SRUHVWKHVHFRQGVWDJHLVWKHHYDSRUDWLRQRFFXUVRQO\LQPHGLXPVL]HGSRUHVWKHWKLUGVWDJHLVWKHHYDSRUDWLRQLQ
WKHPHGLXPDQGVPDOOVL]HGSRUH)URPWKHGDWDLQ:5LQFUHPHQWDOVSHFWUXPWKHKHDWLQJWLPHGXULQJaPLQ
FDQEHFDWHJRUL]HGLQWKHILUVWVWDJHaPLQLVWKHVHFRQGVWDJHZKLOHaPLQLVWKHWKLUGVWDJH,QGHWDLOLQ
WKHILUVWVWDJHZDWHULQWKHODUJHSRUHZKLFKKDVDORQJ7UHOD[DWLRQHYDSRUDWHVFDXVLQJWKHVKLIWDQGUHGXFWLRQRI
WKH DPSOLWXGHRI SHDN ODUJHU WKDQPVPHDQZKLOH WKH DPSOLWXGHRI SHDNEHWZHHQaPVGHFUHDVHZLWK WLPH
$OWKRXJKWKHSHDNDWWKHVKRUWHU7FKDQJHVLWGRHVQRWFRQVWDQWO\GHFUHDVHEXWIOXFWXDWHV,QWKHVHFRQGVWDJHWKH
ZDWHU FRQWHQW LQ WKH ODUJHSRUHVNHSW DW D ORZYDOXH WKHHYDSRUDWLRQPDLQO\RFFXUUHG LQ WKHPHGLXPVL]HGSRUHV
DURXQGPV1RWHWKDWWKHZDWHUFRQWHQWLQWKHVPDOOSRUHVWD\VUHODWLYHO\VWHDG\7KHGLVFRQWLQXLW\RIZDWHULQWKH
VDPSOHFRXOGRFFXULQWKLVVWDJH,QWKHWKLUGVWDJHWKHHYDSRUDWLRQLQWKHPHGLXPVL]HGDQGVPDOOVL]HGSRUHVRU
SRUH WKURDWV GRPLQDWHV 7KH SHDN DW DURXQG PV GURSVZLWK WLPHZKLOH WKH SHDN DW DURXQG PV WHQGV WR EH
GLVDSSHDUHG LQGLFDWLQJ WKH GU\LQJ RI VPDOOHU SRUH RU SRUH WKURDWV $FFRUGLQJ WR WKH WKHRU\ RI /HKPDQQ 
6KRNULHWDOWKHVWDUWRIWKHWKLUGVWDJHVKRZVWKHGLVFRQWLQXLW\RIZDWHULQWKHVDPSOHVRWKLVLQGLFDWHVWKH
HQGRIVXUIDFHHYDSRUDWLRQ
6LPLODUO\ IRU WKH VDPSOH :5 WKUHH VWDJHV FDQ EH GLYLGHG WKH ILUVW VWDJH LV aPLQ WKH VHFRQG VWDJH LV
aPLQWKHWKLUGVWDJHLVIURPPLQWRWKHHQGRIHYDSRUDWLRQ,QWKHVDPSOH:5WKHSRUHVL]HGLVWULEXWLRQ
LVGLIIHUHQWIURPWKHSUHYLRXVWZRVDPSOHVWKHUHODWLYHVPDOOHUSRUHVL]HGRPLQDWHVLQWKHVDPSOH7KUHHVWDJHVFDQ
EHLGHQWLILHGWKHILUVWVWDJHPLQPLQWKHVHFRQGVWDJHPLQ±PLQWKHWKLUGVWDJHPLQ±PLQ

4.3 Centrifuge Experiments and NMR  
7KHVH WZR VDPSOHV ZHUH IXOO\ VDWXUDWHG XVLQJ EULQH 7KH 7 GLVWULEXWLRQV ERWK LQFUHPHQWDO DQG FXPXODWLYH
VSHFWUXP ZHUH REWDLQHG ILUVWO\ $IWHU WKDW VDPSOHV ZHUH SXW LQWR WKH FHQWULIXJH IRU  KRXUV WR SURGXFH WKH
PRYHDEOHZDWHUIURPWKHFRUHVDQGWKHQPHDVXUHWKHVDPSOHV7GLVWULEXWLRQ$FFRUGLQJWR0RUULVVHWDO
WKH7FXWRIILVGHWHUPLQHGE\WKHEHVWDJUHHPHQWEHWZHHQWKHIUHHIOXLGSRURVLW\DQGWKHYROXPHRIZDWHUSURGXFHG
E\FHQWULIXJHVR7FXWRIIYDOXHVFDQEHREWDLQHGE\SORWWLQJWKHVHGDWDDQGWKH\DUHPVIRUFRUH:5DQGPV
IRUFRUH:57KHLUUHGXFLEOHZDWHUVDWXUDWLRQSURGXFHGE\FHQWULIXJHFDQEHUHDFKHGE\HYDSRUDWLRQIRUDURXQG
IRUDERXWPLQXWHVIRU:5DQG:5
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7KHFRUUHVSRQGLQJZDWHUVDWXUDWLRQLVDQGUHVSHFWLYHO\)RU:5WKHHYDSRUDWLRQPHWKRGWRRN
DURXQGPLQXWHVWRUHDFKWKHVDPHZDWHUVDWXUDWLRQDVFHQWULIXJHGVDPSOH)RUHYDSRUDWLRQPHWKRG
PLQXWHVIDOOVRQWKHHQGRIILUVWVWDJHRI:5DQG:5DQGPLQXWHVIDOOVRQWKHHQGRIILUVWVWDJHRI:5
,QWKLVVWDJHZDWHULQWKHODUJHSRUHZDVHYDSRUDWHGZKLFKLVVLPLODUWRWKHSKHQRPHQRQWKDWZDWHUZDVSURGXFHG
IURPODUJHSRUHVZHOOFRQQHFWHGWRWKHVXUIDFHGXULQJFHQWULIXJLQJVDPSOHV
'RGGWRRNWKHSRLQWZKHQWKHUDWHRIHYDSRUDWLRQILUVWEHFRPHVVWHDG\WRUHSUHVHQWWKHPLQLPXPLQWHUVWLWLDO
ZDWHUFRQWHQW:HXVHWKHVDPHZD\WRFDOFXODWHWKHSRLQWWRGHWHUPLQH%9,)RU:5:5DQG:5WKH\
KDYHWKHVLPLODUUHVXOWVDWPLQXWHVWKHGHWHUPLQHGLUUHGXFLEOHZDWHUVDWXUDWLRQLVDQG
7KLVIDOOVLQWRWKHWKLUGVWDJHPHQWLRQHGLQ6HFWLRQ

4.4 Mercury Injection Capillary Pressure (MICP) tests and NMR tests 

105 7 GLVWULEXWLRQ FDQ EH XVHG WR HVWLPDWH WKH DEVROXWH SRUH VL]H GLVWULEXWLRQ DFFRPSDQLHG ZLWK0,&3 GDWD
:KHQ VKLIWLQJ7GLVWULEXWLRQE\DQHIIHFWLYH VXUIDFH UHOD[LYLW\ WKH7GLVWULEXWLRQDQG0,&3GDWDRYHUOD\HDFK
RWKHU&RDWHVHWDO,QWKLVVWXG\ZHFRQGXFWHGWKH0,&3WHVWIRUWZRVDPSOHVZKLFKORFDWHVFORVHWR:5
:5DQG:5

7KHILUVWVWDJHPLQ

7KHILUVWVWDJHPLQ

7KHILUVWVWDJHPLQ


7KHVHFRQGVWDJHPLQ

7KHVHFRQGVWDJHPLQ

7KHVHFRQGVWDJHPLQ

7KHWKLUGVWDJHPLQ

7KHWKLUGVWDJHPLQ

7KHWKLUGVWDJHPLQ

)LJXUH7KUHH6WDJHVGXULQJ(YDSRUDWLRQLQ7LJKW6DQGVWRQH6DPSOHV
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
)LJXUH&RPSDULVRQVRI7'LVWULEXWLRQVEHWZHHQ&HQWULIXJH0HWKRGDQG(YDSRUDWLRQ0HWKRG


1057GLVWULEXWLRQDQG0,&3DUHSORWWHGIRUHDFKVDPSOHIRUWKHGHWHUPLQDWLRQRIHIIHFWLYHUHOD[LYLW\)LJXUH
%DVHGRQWKHHTXDWLRQIRUFRQYHUWLQJ0,&3SRUHUDGLLWR7YDOXH0DUVFKDOOHWDO ଶܶ ൌ ͳͲͲͲݎ ʹߩ௘ൗ 7LVWKH
105UHOD[DWLRQWLPHLQPVULVWKHUDGLXVREWDLQHGIURPPHUFXU\LQMHFWLRQLQȝPߩ௘LVWKHHIIHFWLYHUHOD[LYLW\LQ
ȝPVߩ௘IRUVDPSOH:5LVDQGIRU:5LVȝPV7KLVVWXG\XVHGWKHDYHUDJHRIWKHPȝPV

 
)LJXUH&RUUHODWLRQRI0,&3DQG105UHVXOWVIRU6DPSOH:55HGLV105DQG:5%OXHLV105

$VGLVFXVVHGLQWKHSUHYLRXVVHFWLRQVWKHUHDUHWKUHHVWDJHVGXULQJHYDSRUDWLRQ:KHQFRQVLGHULQJWKHSRUHUDGLXV
LQWKHILUVWVWDJHWKHHYDSRUDWLRQRFFXUUHGLQWKHSRUHZLWKUDGLXVIRUPXPWRXPWKHVHFRQGVWDJHIURP
XPWRXPWKHWKLUGVWDJHIURPXPWRXP)LJXUH7KHWKUHVKROGSRUHUDGLXVIRUWKH
LQLWLDOHYDSRUDWLRQLVODUJHUWKDQPLFURQLQWLJKWVDQGVWRQHV

  
)LJXUH7'LVWULEXWLRQVDQG3RUH6L]H'LVWULEXWLRQ

&RQFOXVLRQVDQG'LVFXVVLRQV
7KHHYDSRUDWLRQPHWKRGFDQEHDQHIIHFWLYHDQGHIILFLHQWPHWKRGLQSHWURSK\VLFDOVWXG\RIUHVHUYRLUURFNV%DVHGRQ
WKH SUHOLPLQDU\ VWXG\RQ WKH HYDSRUDWLRQSURFHVV DQGSRUH VL]HGLVWULEXWLRQVRI WLJKW VDQGVWRQHVZH FRPH WR WKH
IROORZLQJFRQFOXVLRQV
7KHHYDSRUDWLRQSURFHVVRI WLJKWVDQGVWRQHFDQEHGLYLGHG LQWR WKUHHVWDJHVDFFRUGLQJ WR WKHZDWHUHYDSRUDWLRQ
EHKDYLRXULQSRUHVRIGLIIHUHQWVL]HV
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%\KHDWLQJ WLJKW VDQGVWRQH VDPSOHV WR WKH HQGRI ILUVW VWDJH IRU:5DQG:5 LWZDV DERXWPLQXWHV
ZKLOHIRU:5LWZDVDERXWPLQXWHVWKHZDWHUVDWXUDWLRQUHDFKHGWRDYDOXHDQGIRU:5
DQG:5IRU:5HTXLYDOHQWWRWKDWSUHSDUHGE\DUSPFHQWULIXJH
%\XVLQJ0HVVHU¶V0HWKRG WKH LUUHGXFLEOHZDWHUVDWXUDWLRQGHWHUPLQHGE\HYDSRUDWLRQ LVDQG
IRU:5:5DQG:5UHVSHFWLYHO\
7KHILUVWVWDJHHYDSRUDWLRQRFFXUVLQWKHSRUHZLWKSRUHVL]HODUJHUWKDQPLFURQ
$FNQRZOHGJHPHQW

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